To understand the telomere regulation mechanism in relation to cell aging and cancer, we examined the single-stranded telomeric DNA binding domain (ssDBD) of fission yeast telomere-binding protein Pot1 by constructing a series of deletion mutants. We found that Pot1(1-182) (amino acids 1-182) stably expressed in Escherichia coli without any degradation retained a stable folded structure and functional telomeric DNA binding activity, indicating that Pot1(1-182) corresponds to ssDBD. We investigated the amino acids of Pot1(1-182) involved in single-stranded telomeric DNA recognition by constructing a series of site-directed mutants. Although the previously reported X-ray crystallographic structure suggests that 12 amino acids contact the telomeric DNA, an electrophoretic mobility shift assay and isothermal titration calorimetry analyses of the binding ability of the site-directed mutants indicated that only five amino acids significantly contributed to telomeric DNA recognition. We conclude that the contribution to recognition is quite different in magnitude among the amino acids judged to contact the target by X-ray crystallographic structure.
The telomere is the nucleoprotein complex located at the ends of linear eukaryotic chromosomes. [1] [2] [3] [4] [5] It is essential to maintain chromosomal stability to inhibit DNA degradation, prevent fusion between chromosomes, and achieve accurate and complete replication of the chromosomal ends. [1] [2] [3] [4] [5] Telomeric DNA consists of tandemly repeated sequences, one strand being rich in guanines. The G-rich strand terminates with a singlestranded 3 0 overhang. The telomeric DNA sequences are either composed of perfect repeats, such as d(T 2 G 4 ) in Tetrahymena, 6) d(T 4 G 4 ) in Oxytricha and Stylonychia, 7, 8) and d(T 2 AG 3 ) in more than 100 vertebrates including man, 9) or show some sequence heterogeneity, for example, d(G 1{3 T) in Saccharomyces cerevisiae 10) and d(G 1{8 TTACA 0{1 C 0{1 ) in Schizosaccharomyces pombe. 11, 12) The length of the telomeric DNA decreases with cell age, and when the telomeric DNA is significantly degraded, the cell dies. [13] [14] [15] [16] It has been suggested that immortalized cells have sufficient telomerase activity to preserve their telomeric DNA indefinitely, and that this activity is important for maintaining the immortalized state. [1] [2] [3] [4] [5] This possible relation to cell aging and cancer has recently led to considerable interest in the regulation of telomeric DNA length.
Telomeric DNA binding proteins as well as telomerase play important roles in the regulation of telomeric DNA length. The fission yeast Pot1 is a single-stranded telomeric DNA binding protein. 17) Previous studies indicate that overexpression of fission yeast Pot1 leads to modest but significant telomere lengthening in vivo, 12, 18) and that deletion of the fission yeast pot1 gene has an immediate effect on chromosome stability, causing rapid loss of telomeric DNA and chromosome circularization. 17) The N-terminal region of the fission yeast Pot1 has been found to be involved in singlestranded telomeric DNA binding for telomere length regulation. 17) A six-base single-stranded DNA, d(GGTTAC), is the minimum telomeric DNA sequence y To whom correspondence should be addressed. Tel: +81-3-5228-8259; Fax: +81-3-5261-4631; E-mail: htorigoe@ch.kagu.tus.ac.jp Abbreviations: CD, circular dichroism; EMSA, electrophoretic mobility shift assay; GST, glutathione S-transferase; IPTG, isopropyl--Dthiogalactopyranoside; ITC, isothermal titration calorimetry; Pot1(1-182), amino acids 1-182 of Pot1; Pot1(1-185), amino acids 1-185 of Pot1; Pot1 , amino acids 1-208 of Pot1; Pot1(1-269), amino acids 1-269 of Pot1; WT, wild-type Pot1 for specific binding of the fission yeast Pot1. 19, 20) However, the detailed telomeric DNA recognition mechanism has not been well characterized yet.
In the present study, to define the C-terminal end of the N-terminal domain of the fission yeast Pot1 involved in single-stranded telomeric DNA binding, we expressed and purified a series of deletion mutants, Pot1(1-182) (amino acids 1-182), Pot1(1-208) (amino acids , and Pot1(1-269) (amino acids 1-269), using the Escherichia coli expression system. The products obtained from the expression plasmids for Pot1 and Pot1 were degraded into mixtures of proteins with various molecular weights, the smallest of which corresponded to the molecular weight of Pot1 . Combining the result that Pot1(1-182) formed a stable folded structure with the functional ability of singlestranded telomeric DNA binding, we found that amino acid 182 is the C-terminal end of the N-terminal singlestranded telomeric DNA binding domain. Further, to investigate the amino acids of Pot1(1-182) involved in single-stranded telomeric DNA recognition, we constructed and purified a series of site-directed mutant proteins of Pot1(1-182). The X-ray crystallographic structure of the complex between the single-stranded target telomeric DNA, G2: d(GGTTAC), and Pot1(1-185) (amino acids 1-185), comprising three extra amino acids at the C-terminal end in addition to Pot1(1-182), has been reported. Because the region around the Cterminal three extra amino acids (amino acids 183-185) did not form any ordered secondary structure, the structure of the complex involving Pot1(1-182) might be quite similar to that involving Pot1 . Although the previously reported structure suggests that 12 amino acids of Pot1(1-185) contact G2, 20) electrophoretic mobility shift assay (EMSA) and isothermal titration calorimetry (ITC) analyses of the binding ability of the site-directed mutant proteins in this study indicate that only five amino acids of Pot1(1-182) significantly contribute to telomeric DNA recognition. We found that the contribution to recognition is quite different in magnitude among the amino acids judged to contact the target by X-ray crystallographic structure. Thus, the recognition mechanism cannot be explained only by the X-ray crystallographic structure, and analyses of the site-directed mutant proteins described in the present study are essential for elucidating the recognition mechanism. The detailed telomeric DNA recognition mechanism of Pot1(1-182) is discussed below.
Materials and Methods
Construction of expression plasmids for Pot1(1-182), Pot1 , and Pot1 0 . The PCR reaction mixture was submitted to 25 cycles of 1 min at 96 C (denaturation), 1 min at 60 C (annealing), and 2 min at 72 C (extension). The resulting PCR products were double-digested with restriction enzymes EcoRI and SmaI, and then cloned between the EcoRI and SmaI restriction sites in the downstream of the glutathione-S-transferase (GST) tag gene of the pGEX-6P-1 vector (Amersham Biosciences, Piscataway, NJ). 21) The DNA sequences between the EcoRI and SmaI restriction sites of the resulting plasmids were confirmed by the dideoxy chain termination method. 22) The resulting expression plasmids for Pot1(1-182), Pot1 , and Pot1(1-269) were designated pGEX-182, pGEX-208, and pGEX-269 respectively.
Construction of expression plasmids for a series of site-directed mutants of Pot1(1-182). Site-directed mutations were introduced into the gene coding for Pot1(1-182) using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The DNA sequences of the introduced mutations were confirmed by the dideoxy chain termination method.
22)
Purification of the products obtained from the expression plasmids in E. coli. Each of the expression plasmids, pGEX-269 for Pot1(1-269), pGEX-208 for Pot1 , pGEX-182 for Pot1 , and pGEX-182 derivatives for a series of site-directed mutant proteins of Pot1(1-182), was introduced into E. coli BL21 cells. The cells were grown in LB medium with 2% (w/v) of glucose containing ampicillin (50 mg/l) at 25 C up to an OD 600 of 1.0. Production of each protein was induced by the addition of isopropyl--D-thiogalactopyranoside (IPTG) to 0.4 mM, and the cells were grown for an additional 5 h. They were harvested by centrifugation and then suspended in BugBuster Protein Extraction Reagent (Novagen, Madison, WI) (5 ml reagent per g of wet cell paste) containing Benzonase Nuclease (Novagen, Madison, WI) (25 units per ml BugBuster reagent). After incubation for 20 min at room temperature, cell debris was removed by centrifugation. After the supernatant containing the GST-tagged fusion protein was applied on a Glutathione Sepharose 4B affinity open column (Amersham Bioscience, Piscataway, NJ) preequilibrated with 10 bed volumes of 1 Â PBS (10.1 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 140 mM NaCl, 2.7 mM KCl, pH 7.3), the column was washed with 30 bed volumes of 1 Â PBS, and then the target fusion protein was eluted by the addition of 1 bed volume of glutathione elution buffer (50 mM Tris-HCl, 10 mM glutathione, 10 mM DTT, pH 8.0) four times. PreScission Protease (Amersham Biosciences, Piscataway, NJ) (2 units per 100 mg of fusion protein) was added to the eluted fraction to remove the GST tag, and then the reaction mixture was incubated overnight at 4 C in cleavage buffer (50 mM Tris-HCl, 1 mM EDTA, 10 mM DTT, pH 7.0). After the reaction mixture was applied to a HiPrep 16/10 CM Sepharose Fast Flow column (Amersham Bioscience, Piscataway, NJ) preequilibrated with buffer A (50 mM Tris-HCl, 1 mM DTT, pH 7.5) in AKTA purifier system (Amersham Bioscience, Piscataway, NJ), the target protein was eluted with a linear gradient of 0 to 1 M NaCl in buffer A to obtain the final product. The N-terminal amino acid sequence and the molecular weight of the final product were determined by amino acid sequencing and mass spectrometry respectively.
Protein concentration estimation. Protein concentrations were estimated using a protein assay kit (Bio-Rad, Hercules, CA) with immunoglobulin G as a standard, essentially following the method of Bradford.
23)
Mass spectral analysis. Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry was performed on REFLEX (Bruker Daltonics, Bremen, Germany) with a matrix of sinapinic acid (Bruker Daltonics, Bremen, Germany). One ml each of the matrix solution and the protein sample were mixed well, and then 1 ml of the mixture was loaded onto the sample plate and left to dry in air. The sample was analyzed in the delayed extraction linear mode, after calibrating bovine carbonic anhydrase.
Circular dichroism (CD) spectroscopy. CD spectra of the wild-type and site-directed mutant proteins of Pot1(1-182) in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM DTT at 23 C were recorded on a Jasco J-725 spectropolarimeter interfaced with a microcomputer. The cell path length was 1 cm. The scanning speed was 10 nm/min, and each spectrum was the average of eight consecutive scans. The protein concentration was 5 mM.
Guanidine hydrochloride denaturation of the proteins was measured by CD. The fraction of the denatured protein, F D , was calculated from measurement by
where " is the observed ellipticity at 222 nm, and " N and " D are the ellipticities at 222 nm under the native and completely denatured states respectively. In a two-state model of the denaturation, the free energy change of the denaturation, ÁG D , was calculated by EMSA. An oligonucleotide, G2:d(GGTTAC), which is the target telomeric DNA sequence for the specific binding of Pot1, was labeled with [-32 P] ATP (6,000 Ci/mmol; Amersham Biosciences, Piscataway, NJ) using T4 polynucleotide kinase (Toyobo, Osaka). The 32 P-labeled G2 was purified on a microbiospin gel filteration column (BioRad, Hercules, CA) containing Sephadex G-50 Fine to remove the unreacted [-32 P] ATP. To analyze the interaction involving the wild-type and site-directed mutant proteins of Pot1(1-182), 3 mM of each protein was mixed with 20 nM of 32 P-labeled G2 in a final volume of 10 ml, followed by incubation in 20 mM Na 2 HPO 4 -NaH 2 PO 4 (pH 7.5), 150 mM NaCl, and 1 mM DTT at 25 C for 30 min. After 1 ml of loading buffer was added, the samples were loaded on a 10% nondenaturing polyacrylamide gel. Electrophoresis was carried out in 0:5 Â TBE at 10 V/cm and 4 C for 3 h. The gels were dried and analyzed with a bioimage analyzer, BAS2000 (Fuji Film, Tokyo).
ITC. Isothermal titration calorimetric experiments
were carried out on a VP-ITC system (Microcal, Northampton, MA), essentially as described previously. [24] [25] [26] The target telomeric DNA G2 and the wild-type and site-directed mutant proteins of Pot1(1-182) were prepared by extensive dialysis against 20 mM Na 2 HPO 4 -NaH 2 PO 4 (pH 7.5), 150 mM NaCl, and 1 mM DTT. The G2 solution was injected in 5-ml increments at 3-min intervals into the solution of each of the wild-type and site-directed mutant proteins of Pot1(1-182) without changing the reaction conditions. The heat for each injection was subtracted by the heat of dilution of the injectant, which was measured by injecting the G2 solution into the same buffer. Each corrected heat was divided by the moles of the G2 solution injected, and was analyzed with Microcal Origin software supplied by the manufacturer.
Results
Expression and purification of the products obtained from the expression plasmids for Pot1(1-208) and Pot1 To determine the C-terminal end of the N-terminal single-stranded telomeric DNA binding domain, the genes coding for Pot1 and Pot1(1-269) were cloned into E. coli expression vector pGEX-6P-1, 21) to be fused in-frame with the upstream GST gene. Each of the constructed plasmids, pGEX-208 and pGEX269, for the expression of GST-Pot1(1-208) and GST-Pot1(1-269) fusion proteins respectively, was introduced into E. coli BL21. The expression levels of the fusion proteins obtained from pGEX-208 (lanes 1 and 2 in Fig. 1A ) and pGEX-269 (data not shown) were not significantly increased by the addition of IPTG. However, a soluble fraction obtained on glutathione Sepharose 4B affinity column purification gave a few bands for the expression products obtained from pGEX-208 (lane 3 in Fig. 1A ) and pGEX-269 (data not shown). The molecular weights corresponding to the observed bands were significantly smaller than the expected molecular weights of the fusion proteins of GST-Pot1(1-208) (50834.3 Da) and GST-Pot1(1-269) (58257.7 Da), indicating that the expression products obtained from pGEX-208 and pGEX-269 were degraded in E. coli. A few bands were also observed for the final products obtained after PreScission protease cleavage to remove the GST tag and the CM Sepharose Fast Flow column purification (lane 5 in Fig. 1A and data not shown). Mass spectral analysis of the final products using MALDI-TOF (Fig. 1B) showed that the final products comprised a mixture of proteins of various molecular weights, and 21,672 Da was the smallest among the observed molecular weights. A molecular weight of 21,672 Da closely coincides with the expected molecular weight (21,679.6 Da) of the protein corresponding to the eight amino acids linked with GST and the 182 amino acids of Pot1 . This finding strongly suggests that amino acid 182 is the C-terminal end of the N-terminal single-stranded telomeric DNA binding domain of Pot1.
Expression and purification of the products obtained from the expression plasmids for Pot1 To determine whether amino acid 182 is the Cterminal end of the N-terminal single-stranded telomeric DNA binding domain, the gene coding for Pot1(1-182) was cloned into E. coli expression vector pGEX-6P-1. The constructed plasmid pGEX-182 for the expression of GST-Pot1(1-182) was introduced into E. coli BL21. The expression level of GST-Pot1(1-182) was significantly enhanced by the addition of IPTG (lanes 1 and 2 in Fig. 2A) . A soluble fraction obtained on glutathione Sepharose 4B affinity column purification gave a single main band for the expression products obtained from pGEX-182 (lane 3 in Fig. 2A) , unlike the cases of pGEX-208 (lane 3 in Fig. 1A ) and pGEX-269 (data not shown). A single band was also observed for the final product obtained from pGEX-182 (lane 5 in Fig. 2A) , indicating the high purity of the purified protein. Mass spectral analysis of the final product using MALDI-TOF (Fig. 2B) showed that the observed molecular weight of 21,679 Da closely coincided with the expected molecular weight (21,679.6 Da) of the protein corresponding to the eight amino acids linked with GST and the 182 amino acids of Pot1(1-182).
Characterization of the purified protein of Pot1(1-182)
The overall structure of the purified Pot1(1-182) was investigated in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM DTT by CD spectroscopy (WT in Fig. 4) . The CD spectra of the purified Pot1 (1-182) showed the characteristic -helix and -sheet, indicating a stable folded structure.
The binding ability of the purified Pot1(1-182) as to the target telomeric DNA sequence of G2 was examined in 20 mM Na 2 HPO 4 -NaH 2 PO 4 (pH 7.5), 150 mM NaCl, and 1 mM DTT by EMSA (WT in Fig. 6 ). The addition of 3 mM Pot1(1-182) induced a band shift corresponding to G2-Pot1(1-182) complex formation, indicating the functional ability of single-stranded telomeric DNA binding. These results clearly indicate that Pot1(1-182) corresponds to the N-terminal single-stranded telomeric DNA binding domain of Pot1. Expression and purification of a series of site-directed mutant proteins of Pot1(1-182)
The previously reported X-ray crystallographic structure of the complex between G2 and Pot1(1-185) (amino acids 1-185), comprising three extra amino acids at the C-terminal end in addition to Pot1(1-182), indicates that nine amino acids (S58, T62, D64, K90, T111, Q120, S123, K124, and D125) bound through hydrogen-bond interactions with the bases of G2 and three amino acids (F88, Y115, and L122) provided stacking and van der Waals interactions above the bases of G2. 20) We constructed two types of site-directed mutants to investigate the role of the amino acids of Pot1(1-182) that make contact with G2. Type 1 mutants consist of S58A, T62V, D64A, K90A, T111V, Q120 L, S123A, K124A, and D125A to eliminate hydrogen-bond interactions with the bases of G2. Type 2 mutants contain F88A, Y115A, L112A, and L122F to change stacking and van der Waals interactions above the bases of G2. The expression plasmids for the type 1 and type 2 mutants were constructed by introducing sitedirected mutations into pGEX-182. The type 1 and type 2 mutant proteins were prepared in the same way as the expression and purification of Pot1(1-182). A single band was observed for the final product of each of the type 1 and type 2 mutant proteins (Fig. 3) , indicating the high purity of the purified proteins.
CD spectroscopy of the wild-type and site-directed mutant proteins of Pot1 The overall structures of the wild-type (WT) and sitedirected mutant (type 1 and type 2) proteins were compared in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM DTT by CD spectroscopy (Fig. 4) . The CD spectra of the wild-type (WT) and site-directed mutant (type 1 and type 2) proteins coincided with each other, suggesting that the examined amino acid substitutions might not significantly change the overall structure of Pot1(1-182).
Structural stability of the wild-type and site-directed mutant proteins of Pot1(1-182) in the presence of guanidine hydrochloride
To obtain more information about the structural properties of the wild-type (WT) and site-directed mutant (type 1 and type 2) proteins, we analyzed the structural stability of these proteins in the presence of guanidine hydrochloride. The change in the CD spectra of WT was examined in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 1 mM DTT in the presence of a series of guanidine hydrochloride concentrations (Fig. 5A ). As A, Soluble protein samples from each purification step. Protein samples were resolved by 10% tricine-SDS-PAGE. Lanes: M, protein size markers (BioRad); 1, crude cell lysate from E. coli BL21 harboring pGEX-182 before IPTG induction; 2, crude cell lysate from E. coli BL21 harboring pGEX-182 at 5 h after IPTG induction; 3, fraction bound on glutathione Sepharose 4B affinity column; 4, fraction after PreScission protease cleavage; 5, final product after cation-exchange CM Sepharose Fast Flow column purification. B, Mass spectrum of the final product obtained from pGEX-182. Table 1 . The ÁG D 0 values of the site-directed mutant (type 1 and type 2) proteins corresponding to their structural stability in the absence of guanidine hydrochloride were almost the same as or a little larger than that of WT. Thus, the amino acid substitutions did not significantly change or slightly stabilized the structural stability of the mutant proteins. No mutant proteins were destabilized by the amino acid substitutions.
EMSA of the interaction between G2 and each of the wild-type and site-directed mutant proteins of Pot1 The binding ability of each of the wild-type (WT) The cell path length was 1 cm. The scanning speed was 10 nm/ min, and each spectrum is the average of eight consecutive scans. The protein concentration was 5 mM. A, WT, S58A, T62V, D64A, and K90A (type 1 mutants; see the legend to Fig. 3) . B, WT, T111V, Q120L, S123A, K124A, and D125A (type 1 mutants; see the legend to Fig. 3) . C, WT, F88A, Y115A, L122A, and L122F (type 2 mutants; see the legend to Fig. 3) . and site-directed mutant (type 1 and type 2) proteins as to the target telomeric DNA sequence of G2 was compared in 20 mM Na 2 HPO 4 -NaH 2 PO 4 (pH 7.5), 150 mM NaCl, and 1 mM DTT by EMSA (Fig. 6 and Table 1 ). The addition of 3 mM WT, S58A, K90A, T111V, Q120L, S123A, D125A (type 1) and Y115A (type 2) induced a band shift corresponding to the complex formed with G2. In contrast, no band shift was observed on the addition of the same concentration of T62V, D64A, K124A (type 1), F88A, L122A, and L122F (type 2). These results indicate that T62, D64, K124, F88, and L122 of Pot1(1-182) are significantly involved in the recognition of the target telomeric DNA sequence of G2.
ITC of the interaction between G2 and each of the wild-type and site-directed mutant proteins of Pot1 To obtain binding ability more quantitatively, we examined the thermodynamic parameters of the complex formation between G2 and each of the wild-type (WT) and site-directed mutant (type 1 and type 2) proteins of Pot1(1-182) at 25 C in 20 mM Na 2 HPO 4 -NaH 2 PO 4 (pH 7.5), 150 mM NaCl, and 1 mM DTT by ITC. Figure 7A shows a typical ITC profile for the interaction between G2 and WT. An exothermic heat pulse was observed after each injection of G2 into WT. The magnitude of each peak decreased gradually with each new injection, and an exothermic peak was still observed at the last injection. The exothermic peak was found to be the heat of dilution of G2 by a blank experiment in the absence of WT. The area under each peak was integrated, and the heat of dilution of G2 was subtracted from the integrated values. The corrected heat was divided by the moles of each injection, and the resulting values were plotted as function of a molar ratio of [G2]/[WT], as shown in Fig. 7B . The resulting titration plot was fitted to a sigmoidal curve by the nonlinear least-squares method. The binding constant, K a , was obtained from the fitted curve. The thermodynamic parameters for each of the site-directed mutant (type 1 and type 2) proteins of Pot1(1-182) were obtained in the same way. Table 1 summarizes the thermodynamic parameters for the complex formation between G2 and each of the wild-type (WT) and site-directed mutant (type 1 and type 2) proteins of Pot1(1-182) at 25 C and pH 7.5, obtained from ITC. The K a values for S58A, K90A, T111V, S123A, D125A (type 1), and Y115A (type 2) were on the order of 10 7 M À1 , more than 1/4 of that for WT. These mutations did not entail severe loss of DNA binding. The K a value for Q120L (type 1) was on the order of 10 6 M À1 , a 17-fold reduction of that for WT. The mutation had an intermediate effect on DNA binding. In contrast, binding affinity was effectively completely lost in T62V, D64A, K124A (type 1), F88A, L122A, and L122F (type 2) (> 350-fold reduction of K a ). These mutations had dramatic effects on DNA binding. The K a values obtained from ITC (Table 1) are consistent with the results obtained from EMSA ( Fig. 6 and Table 1 ). These results indicate that T62, D64, K124, F88, and L122 contributed significantly to telomeric DNA recognition. 
Discussion
The final product obtained from the expression plasmid for Pot1(1-208) was degraded into a mixture of proteins of various molecular weights, the smallest of which corresponded to the molecular weight of Pot1(1-182) (Fig. 1B) . Pot1(1-182), stably expressed in E. coli without any degradation (Fig. 2B) , retained a stable folded structure (WT in Fig. 4 ) and functional ability to bind with the target single-stranded telomeric DNA sequence of G2 (WT in Fig. 6 ). These results clearly indicate that Pot1(1-182) corresponds to the N-terminal single-stranded telomeric DNA binding domain. Even if the constructed deletion mutants do not exactly correspond to the functional domain, some products derived from the constructed deletion mutants might provide helpful clues for identifying the region of the exact functional domain. Thus, construction of deletion mutants might be helpful in identifying the region of the functional domain.
The similarity of the CD spectra among the wild-type and site-directed mutant (type 1 and type 2) proteins suggests that the examined amino acid substitutions might not significantly change the overall structure of Pot1(1-182) (Fig. 4) . Thus, the change in binding ability upon amino acid substitution ( Fig. 6 and Table 1 ) might not result from significant structural change in Pot1(1-182). The guanidine hydrochloride denaturation experiment showed that no mutant proteins were destabilized by the amino acid substitutions (Table 1) . Thus, the decrease in binding ability upon amino acid substitution ( Fig. 6 and Table 1 ) might not result from destabilization of the mutant proteins. We cannot completely exclude the possibility that in some cases amino acid substitution might result in significant perturbation of the protein structure, which might act deleteriously on binding ability, because the CD spectra cannot show the and Each of the Wild-Type and Site-Directed Mutant Proteins of Pot1(1-182) on a Non-Denaturing Polyacrylamide Gel. 3 mM of each protein was incubated with 20 nM 32 P-labeled G2 in 20 mM Na 2 HPO 4 -NaH 2 PO 4 (pH 7.5), 150 mM NaCl, and 1 mM DTT at 25 C for 30 min. The 10% non-denaturing gel was run in 0:5 Â TBE at 10 V/cm at 4 C for 3 h. A, G2 together with each of WT, S58A, T62V, D64A, K90A, T111V, Q120L, S123A, K124A, and D125A (type 1 mutants; see the legend to Fig. 3) . B, G2 together with each of F88A, Y115A, L122A, and L122F (type 2 mutants; see the legend to Fig. 3) .
Fig. 7. Thermodynamic Analyses of Complex Formation between
G2 and WT at 25 C in 20 mM Na 2 HPO 4 -NaH 2 PO 4 (pH 7.5), 150 mM NaCl, and 1 mM DTT by ITC.
A, Typical profile for the complex formation between G2 and WT at 25 C and pH 7.5. The G2 solution (114 mM in 20 mM Na 2 HPO 4 -NaH 2 PO 4 , pH 7.5, 150 mM NaCl, and 1 mM DTT) was injected 20 times in 5-ml increments into 4.6 mM WT solution, which was dialyzed against the same buffer. Injections occurred over 10 s at 3-min intervals. B, Titration plots against the molar ratio of [G2]/ [WT] . The data were fitted by the nonlinear least-squares method.
detailed structure of the binding sites of the site-directed mutant proteins. Detailed X-ray crystallographic structural analysis of the complex between the singlestranded telomeric DNA and the site-directed mutant proteins might be necessary.
The previously reported X-ray crystallographic structure of the complex between G2 and Pot1(1-185) revealed that Pot1(1-185) is made up of a compact single domain, the oligonucleotide/oligosaccharidebinding (OB) fold, comprised of three -helices and a highly curved five-stranded anti-parallel -barrel. The OB fold was also observed for another telomere binding protein, Oxytricha nova telomere end-binding protein. 27) According to the X-ray crystallographic structure, the first base G, the third base T, and the fourth base T in G2:d(GGTTAC) bound through hydrogen bond interactions with both K124 and D125, both T62 and K90, and both S58 and D64 respectively. 20) Although the same base is bounded by these two amino acids, the contribution of one amino acid (K124, T62, or D64) to base recognition might be more significant than that of the other amino acid (D125, K90, or S58), because the binding ability was effectively completely lost in K124A, T62V, and D64A (type 1 mutants), in sharp contrast with the unchanged or slightly decreased binding ability of D125A, K90A, and S58A (type 1 mutants) as compared with WT ( Fig. 6 and Table 1 ). The type 1 mutant analyses concerning the hydrogen bond interactions with the first, third, and fourth bases of G2 suggest that one amino acid might play a more significant role than the other in dual amino acid recognition. Detailed structural analyses of the complex between the telomeric DNA and the site-directed mutant proteins might be necessary to determine the precise mechanism of the change in binding ability.
According to the X-ray crystallographic structure, the second base G in G2 bound through hydrogen bond interactions with both T111 and S123. 20) Both T111V and S123A (type 1 mutants) showed slightly decreased binding ability in comparison with WT ( Fig. 6 and Table 1 ), indicating that T111 and S123 do not significantly, but almost equally, contribute to base recognition. The type 1 mutant analyses concerning the hydrogen bond interactions with the second base of G2 suggest that both amino acids play not significant, but almost equal, roles in dual amino acid recognition, unlike the recognition of the first, third, and fourth bases.
According to the X-ray crystallographic structure, the sixth base C in G2 bound through hydrogen bond interactions with Q120. 20) Q120L (type 1 mutant) showed modestly decreased binding ability in comparison with WT ( Fig. 6 and Table 1 ), indicating that Q120 does not significantly contribute to base recognition. A previous study suggested that the sixth base C was the least important nucleotide for binding specificity with Pot1(1-185) among the six nucleotides of G2. 19) The least important role of the sixth base C might make it possible to tolerate the amino acid substitution of Q120L (type 1 mutant). The type 1 mutant analysis concerning the hydrogen bond interactions with the sixth base of G2 suggests that Q120 might not play a significant role in the recognition of G2.
The X-ray crystallographic structure suggests that the stacking and van der Waals interactions play important roles in binding to G2, in addition to the hydrogen bond interactions discussed above. 20) The second base G and the fourth base T in G2 made contact through stacking and van der Waals interactions with L122 and F88 respectively. 20) The binding ability was effectively completely lost in L122A, L122F, and F88A (type 2 mutants) (Fig. 6 and Table 1 ), indicating that L122 and F88 significantly contribute to base recognition. The type 2 mutant analyses concerning the stacking and van der Waals interactions with the second and fourth bases of G2 suggest that L122 and F88 play significant roles in the recognition of G2. Detailed structural analyses of the complex between the telomeric DNA and the sitedirected mutant proteins might be necessary to determine the precise mechanism of the change in binding ability.
According to the X-ray crystallographic structure, the sixth base C in G2 made contact through stacking and van der Waals interactions with Y115. 20) Y115A (type 2 mutant) showed slightly decreased binding ability in comparison with WT ( Fig. 6 and Table 1 ), indicating that Y115 does not significantly contribute to base recognition. A previous study suggested that the sixth base C was the least important nucleotide for binding specificity with Pot1(1-185) among the six nucleotides of G2. 19) The least important role of the sixth base C might make it possible to tolerate the amino acid substitution of Y115A (type 2 mutant). The type 2 mutant analysis concerning the stacking and van der Waals interactions with the sixth base of G2 suggests that Y115 does not play a significant role in the recognition of G2.
The present study indicates that Pot1(1-182) corresponds to the N-terminal single-stranded telomeric DNA binding domain of Pot1. Although the X-ray crystallographic structure suggests that 12 amino acids made contact with the telomeric DNA, 20) EMSA and ITC analyses of the binding ability of the site-directed mutant proteins indicated that only the five amino acids, T62, D64, K124, F88, and L122, significantly contributed to telomeric DNA recognition. The type 1 mutant (S58A, T62V, D64A, K90A, K124A, and D125A) analyses concerning the hydrogen bond interactions suggest that one amino acid plays a more significant role than the other in the dual amino acid recognition of the first, third, and fourth bases of G2. In contrast, other type 1 mutant (T111V and S123A) analyses suggest that both amino acids play not significant, but almost equal, roles in the dual amino acid recognition of the second base of G2. On the other hand, the type 2 mutant (F88A, L122A, and L122F) analyses concerning the stacking and van der Waals interactions suggest that L122 and F88 play significant roles in the recognition of the second and fourth bases of G2 respectively. Combining these site-directed mutational analyses, we conclude that the contribution to the telomeric DNA recognition is quite different in magnitude among the amino acids judged to contact the target by X-ray crystallographic structure. Thus, the recognition mechanism cannot be explained only by the X-ray crystallographic structure, and analyses of the site-directed mutant proteins done in the present study are essential for elucidating the recognition mechanism. Our results might eventually lead to progress in the understanding of the telomere regulation mechanism.
